Nickel uptake in Berkheya coddii, a Ni hyperaccumulator (>3 % Ni m/m), was studied using plants from serpentine outcrops in Barberton, Mpumalanga Province, South Africa. Size exclusion chromatography (SEC), high resolution mass spectrometry (HR-MS) and high performance liquid chromatography (HPLC) were used to identify and quantify organic and amino acids typically associated with hyperaccumulation. Calculated molar ratios were used to identify potential Ni-ligand associations with amino and organic acids. The former showed no single acid present at levels sufficient to complex adequately with the high levels of Ni in B. coddii. Only elevated proline concentrations in younger B. coddii leaves were recorded; however, proline may be produced as a stress response to elevated metal concentrations. A combination of chromatography and spectroscopy led to the identification of chelidonic acid as the ligand playing a significant role in Ni uptake in B. coddii. Chelidonic acid and Ni in leaves were quantified in a 3:1 molar ratio. However, during spiking experiments where soluble Ni was added to soil, the chelidonic acid and Ni concentrations increased to a 6:1 molar ratio. The other amino and organic acids present in the plant showed no response to an increase in soluble Ni, thus indicating chelidonic acid has a role in the B. coddii hyperaccumulation process. This finding is the first to link chelidonic acid to hyperaccumulation and will have significant impact on the potential of B.coddii for phytoremediation.
Introduction
Plants have the ability to regulate appropriate concentration levels of essential metals, e.g. Ni (<500 mg kg -1 ), Fe, Mn, Cu and Zn (10-1000 mg kg -1 ), as well as non-essential metals and metalloids, e.g. Hg, Cd, Pb and As (<100 mg kg -1 ). 1 Essential metals play an important role in enzymatic processes critical to plant sustainability; however, high concentrations may have adverse effects ultimately leading to plant death. 2 Plants can exhibit one of three responses when exposed to high levels of metals in soil, i.e. exclusion (metal is not transported to above ground tissue), unrestricted uptake (metal taken up until plant dies) and hyperaccumulation (high levels of the metal stored within plant tissue). 3 Hyperaccumulating plants are able to tolerate and accumulate high concentrations of particular metals without experiencing toxic effects. 4 The process of hyperaccumulation is deemed an extreme physiological response in heavy metal tolerance. 5 Ni is the most common element involved in hyperaccumulation and there are approximately 450 reported Ni hyperaccumulators. 6 A Ni hyperaccumulator is defined as having a 'concentration of greater than 1000 mg Ni kg -1 dry leaf tissue'. 4 This threshold was set at 100-1000 times higher than the normal Ni concentration in plants grown on non-metalliferous soils and 100 times greater than the expected levels from non-accumulating plants on serpentine soils. 7 Plants contain a number of potential ligands, e.g. organic acids, amino acids, proteins and peptides which are required for physiological processes. These ligands also play a role in mechanisms of metal uptake in both hyperaccumulator and nonhyperaccumulator plants. Most metals are considered to be bound to low molecular mass compounds or proteins. 8 Several organic acids and amino acids have been reported to bind to the accumulated metal in hyperaccumulating plants. 9 Ni has been associated with complex formation with the following organic acids: citric acid, 9 -10 malic acid 10c, 11 and a malate/citrate combination. 12 Alyssum species analyzed using XAS to investigate the coordination of Ni within the plant species, were reported to contain Ni(His) 2 complexes. 13 However, upon analyses using XANES and EXAFS, Montargès-Pelletier et al. found that it was not histidine responsible for complexing to Ni, but rather malate ligands. 12 The hyperaccumulators Alyssum lesbiacum, Pisum sativum and Brassica juncea have a directly proportional relationship between histidine and Ni concentration.
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Berkheya coddii
Berkheya coddii has been extensively studied as a potential candidate for phytoremediation and phytomining (metals extracted from soil and used for commercial processes. 15 However, the mechanism which allows B. coddii to accumulate Ni is not well understood. Manipulating the mechanism of Ni uptake, translocation and storage may enhance phytoextraction potential of the plant. 16 Several studies involving the storage of Ni within the plant were carried out to gain insight into possible mechanisms. Dimethylglyoxime (DMG) staining has been used to identify Ni deposits within the plant. 16 This technique is inadequate in terms of quantifying Ni in the plant and can thus be used only for the sole purpose of qualitative identification. 17 Using micro-particle induced X-ray emission (PIXE) analysis of the plant showed that most Ni is stored in tissues that have no physiological role within plant processes; however, some Ni was present in areas of the plant that are involved in transport and detoxification. 18 Previous work has also indicated that Ni is mainly stored in the outer cuticles within the leaf and has a high presence in the xylem (the main route of transportation). 19 Nuclear microprobe studies indicated Ni to be concentrated in the margins and mesophyll of the leaf and in the midrib epidermis of young leaves. 20 Laser ablation coupled with DMG staining and inductively coupled plasma-mass spectrometry (ICP-MS) on the roots gave an insight into the plant's uptake mechanism. Ni was concentrated in the stele (central part of stem) as opposed to the cortex of the roots, which indicated the presence of a selective or active uptake mechanism. 21 Contradicting results were reported from studies using magnetic resonance imaging (MRI) on the roots, with results indicating a passive uptake mechanism and a specific pattern of Ni concentration at the plane of the roots. 22 Robinson et al. 23 reported that the higher the content of Ni in the soil, the lower uptake of macro and micronutrients in the plant. Studies involving the effects of Ni uptake on insects were also investigated. The amount of Ni present in insects that feed on B. coddii could have an impact on metal movement into other ecosystems, thus affecting food webs. 24 An early study into the uptake mechanism of B. coddii reported malic acid to be responsible for Ni uptake in the plant. 25 However, later analysis calculated a Ni:malic acid molar ratio of (1:0.013), which indicated that malic acid could not be involved in the uptake mechanism. 26 B. coddii was also studied as a control plant to investigate the coordination of Ni to nicotianamine. 7 The study reported nicotianamine as the ligand potentially responsible for binding to Ni in B. coddii but did not present conclusive quantification of molar ratios to confirm this.
Understanding how Ni is accumulated within B. coddii would be very useful for the plants role in phytoremediation. The objectives of this study were to identify and quantify the predominant ligand responsible for complexing Ni in the leaves of B. coddii.
Materials and Methods

Experimental Site and Facilities
Sampling was carried out in Barberton, Mpumalanga Province, South Africa. B. coddii plants were collected from the sites in January (summer). Samples of ultramafic soil were also collected, along with the plants. Plants were transplanted into large pots along with the ultramafic soil collected. B. coddii plants were watered once a day with tap water and the leaves sprayed using a plant mister. The plants grew well in a warm environment. All acids and chemicals used were purchased from Sigma-Aldrich unless stated otherwise.
Amino Acid Analysis in B. coddii
Three plants grown from seed were harvested at 16 weeks. Plants were separated into roots, stems, young leaves, middle leaves and bottom leaves (oldest). Sections of the plant were thoroughly washed with tap water to remove any soil and dirt residue. Extraction by grinding in an agate mortar and pestle with millipore water followed an adapted procedure. 27 The ground sample was filtered and added to 1 mL of a 50 % acetonitrile, 0.1 % formic acid solution. The solution was sonicated for an hour, then centrifuged and diluted (10-fold) throughout. A volume of 10 µL of the solution was added to the Waters AccQ Tag Kit constituents, and placed in a heating block at a temperature of 55°C for 10 min. Heated samples (three replicates) were then analyzed using LC-MS. 28 Mass spectral analysis (HR-MS) was carried out on a Waters Synapt G2 connected to a Waters UPLC. The conditions were as follows; column: Waters BEH C18, 2.1 × 100 mm, mobile phase of 70 % water/30 % methanol, a flow rate of 0.25 mL min -1 , ES negative mode, with a capillary voltage of 3 kV and a cone voltage of 15 V. Nickel from the extract was analyzed using a Perkin Elmer, Optical Emission Spectrophotometer (OES), Optima 5300DV in axial mode at wavelength of 231.06 nm.
Organic Acid Analysis
A mass of 10 g of Sephadex G-10 was used as the stationary phase. An aqueous, 4 M solution of a Tris(hydroxymethyl) methylamine solution was made using Millipore water in a 100 mL volumetric flask. The pH was adjusted to 4 using concentrated HCl. The column was then used to run the plant water extracts and collect nine 5 mL fractions. An aliquot of 2 mL from the collected fraction was diluted to 10 mL and analyzed for Ni by ICP-OES (conditions listed above) and for organic acids by HPLC. HPLC analysis was carried out using a Shimadzu -Prominence LC-30 AD (UV detector SPD-M20A), with a flow rate of 1.00 mL min -1 , a detection wavelength of 220 nm and a Phenomenex C18 column. The mobile phase consisted of 0.05 M KH 2 PO 4 (pH adjusted to 2.7 with conc. H 3 PO 4 ). The fractions were analyzed against a range of organic acid standards to determine which acids were detected in B.coddii plant-water extracts. In order to ensure reproducibility of retention times, fractions and organic acid standards were run a total of 5 times.
Ni Pre-treatment in B. coddii
Three B. coddii plants were grown from seedlings to 8 weeks of age. The plants were then re-potted (200 mm pots) for spiking studies. A 100 mM NiCl 2 solution was used to spike plants. Every second day, 20 mL of the solution was added to the plant for a total of 4 weeks. Cumulatively, a total of 280 mL (28 mmol) of the solution was added to each plant. Leaves (3-5) from each plant were randomly collected every 7 days, combined, and extracted using the method previously described. Control plants were also present with no addition of Ni solution. Analysis to quantify the Ni and chelidonic acid were carried out in triplicate by ICP-OES and HPLC, respectively.
Results and Discussion
Amino Acids in B. coddii
A total of 12 free amino acids were detected and quantified in various plant sections, i.e. roots, stems, bottom leaves (oldest), middle leaves, top leaves (youngest) and seeds of B. coddii (no Ni pre-treatment, i.e. no extra addition of Ni, 16 weeks old). This amino acid study was performed to ascertain any possible role that amino acids may have on Ni uptake in B. coddii.
Nickel concentrations in leaves of B. coddii increase as the leaf grows and ages ( Table 1 ). The larger the leaf surface area, the higher the Ni accumulation. Amino acid concentrations in the plant correlate with findings in other Ni hyperaccumulators where they play no role in coordination. 7 All amino acids except glutamine were present in higher concentrations in younger leaves compared to older leaves. With the exception of proline, amino acid concentrations were higher in the seeds compared to leaves, stems and roots. Concentrations in roots and stems were lower than other plant sections. High proline concentrations were apparent in young and middle leaf sections. Proline typi-RESEARCH ARTICLE C. Naicker, A. Kindness and L. Pillay, 202 S. Afr. J. Chem., 2016, 69, 201-207, <http://journals.sabinet.co.za/sajchem/>. cally accumulates in plants that undergo stress. 29 These stresses can be brought about by drought, high levels of salt, excessive light, oxidative and biotic stresses and heavy metal stresses. 30 In addition, the function of proline in the younger plants is to protect enzyme activities and protein integrity. 31 Younger B. coddii plants experience more stress to metal accumulation than older plants due to the sudden response to accumulation of metals.
For proline to be involved in Ni uptake and storage it needs to bind in at least a 1:1 molar ratio. Molar ratios between Ni and proline did not yield any ratios of significance, particularly for the young leaf (0.006535 Pro:1 Ni) and middle leaf (0.0001468 Pro:1 Ni). This indicates that proline is not responsible for binding to Ni in B. coddii, but involved in physiological processes due to the stressful environment. Proline distribution suggests that as B. coddii grows, physiological processes within the leaves adapt to Ni accumulation. This suggests that a larger concentration of the Ni binding ligand could be present in older leaves thus relieving plant stresses and requiring lower concentrations of proline within the leaves. 32 Other amino acid concentrations do not appear to be significant. Concentrations of histidine in B. coddii correlate with typical levels in plants of <400 mg kg -1 . 33 Histidine levels present in the plant indicate that the acid functions as a plant growth and aid development. 34 A study carried out by Nasibi et al. 35 reported that arginine played a role in Ni accumulation in plants by producing nitric oxide donors that assist with reducing Ni toxicity. The concentrations of arginine measured suggest that it is involved in combating Ni toxicity since concentrations are higher in the leaves. Asparagine has been linked to glutamine and arginine as the major nitrogen transporters in plants. 36 Asparagine and glutamine are known to be present in high concentrations in seeds of plants and this is reflected in the concentrations present in B. coddii seeds.
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Cysteine concentration compared to other amino acids in its cycle is low. Cysteine is generally associated with high sulphur content and sulphur ligands, which have been reported not to be present in most Ni hyperaccumulators. 3 Amino acid analysis did not yield any substantial concentrations of nicotianamine, the ligand previously reported to be responsible for Ni coordination in B. coddii. 7 Nicotianamine is an amino acid (originating from its precursor methionine) in the oxaloacetate cycle that occurs in plants. Methionine concentrations in various sections of B. coddii are <100 mg kg -1 . If nicotianamine was being produced for Ni uptake, concentrations of methionine should be high enough to reach a molar ratio of 1:1. The calculated molar ratio 1.54 × 10 -6 :1 (methionine to Ni), indicates that this is not the case. Berkheya coddii seeds contain higher Ni and amino acid concentrations (apart from proline in young leaves) than the stems and roots; this may be due to the plant requiring Ni and sufficient amino acid concentrations for its physiological processes during germination. The high amino acid levels in the seeds are present to combat any toxic effects Ni will have on the plant during germination. However, these results contradict those of Groeber et al. 38 who found no requirement for Ni during the germination of seeds of B. coddii, although concentrations of Ni in seeds (cotyledons mainly) were 0.4-0.5 %. Roots and stems have lower Ni concentrations because they have no apparent role in the storage process.
Molar ratios between amino acids and Ni were calculated, with none being of any significance to indicate a role in Ni binding. In order to fully understand the relationship between amino acids and Ni uptake, further work should be carried out (over an extended period).
Organic Acids in B. coddii
Organic acids in B. coddii (root, stem and leaves) were analyzed using RP-HPLC to identify potential ligands responsible for Ni uptake and to ascertain their distribution within the plant. Twenty-five organic acids that play a role in plant processes were investigated with those detected (Table 2) .
A previous study into organic acids present in the leaves of B. coddii indicated an unidentifiable peak present in the sample. 32 In this study, investigation showed that this previously unidentified peak (at 7.70 min) was unmatched with any of the listed organic acids. The other three peaks were identified to be citric, tartaric and ascorbic acid and were subsequently quantified. Quantification yielded molar ratios < < <1: 10 -8 indicating that the identified organic acids (citric, tartaric and ascorbic acid) do not play a major role in Ni accumulation. The peak at 7.70 min did not match the retention times of other organic acids tested.
Extraction and Isolation of Unknown Ni-ligand
A plant-water extract was passed through a size exclusion column. Nine fractions of 5 mL were collected. Each fraction was analyzed for Ni by ICP-OES and organic acids using RP-HPLC. Fractions 3 and 4 had the highest concentrations of both Ni and the unidentified peak from the HPLC chromatogram (7.70 min).
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The UV spectra (Fig. 1 ) obtained for the unidentified peak in both fractions match the spectrum reported by Pillay. 26 These findings suggest a relationship between Ni and the unknown peak in B. coddii. Previous findings show that Ni is extracted most abundantly in water and indicates the ligand is polar in nature. 26 
Identification of Chelidonic Acid
High resolution-mass spectrometry (HR-MS) carried out on the unidentified peak of the plant-water extract indicated that the ligand had a molar mass of 184.10 g mol -1 and a molecular formula C 7 H 4 O 6 . MS-MS was then performed after HR-MS to elucidate the unknown compound based on smaller fragmentation patterns. No metal isotopes were detected in either of the spectra indicating that the complex dissociated upon interaction with the LC column. The preliminary structure of chelidonic acid was confirmed using RP-HPLC. A comparison of the plant-water extract to a standard of chelidonic acid was carried out. The standard chromatogram and UV spectrum matched those of the plant water extract. Lambda max values obtained for the chelidonic acid correlate with the values obtained in the plant extract viz. 196, 224 and 273 nm. Additionally, a sample of synthesized chelidonic acid was analyzed by HR-MS and confirmed that the compound in the extract was chelidonic acid (Fig. 2) . Based on retention time, matching UV spectra (Fig. 1) and HR-MS, the unknown organic acid peak in the plant-water extract was confirmed as chelidonic acid.
Quantification of Chelidonic Acid in B. coddii
Chelidonic acid and Ni concentrations in the root, stems and leaves of B. coddii were quantified. Plant sections were exhaustively extracted and analyzed by HPLC and ICP-OES. The first extraction yielded 99.97 % chelidonic acid and 98.56 % Ni.
Ni has been reported to be stored within the leaves of B. coddii. 23 The concentration of chelidonic acid in leaves of B. coddii is approximately 10-fold higher compared to other plant sections (Table 3) indicating that the primary location of the acid is within the leaves. Reported chelidonic acid concentrations in leaves, stems and root of non-hyperaccumulators are <200 mg kg -1 indicating that it plays a role in the hyperaccumulation process. 
Effect of Ni Pre-treatment on Chelidonic Acid and Amino Acid Concentrations in B. coddii
Pre-treatment of B. coddii plants with Ni was carried out to examine the relationship between Ni and chelidonic acid. B. coddii was spiked with a 100 mM Ni solution over the period of a month to investigate the relationship between Ni and chelidonic acid (Fig. 3) .
The control plant (grown in ultramafic soil) showed a gradual increase in Ni concentrations over the 28-day period at an average rate of approximately 3 mg kg -1 per day. Plants that were exposed to soluble Ni showed a distinct difference in uptake and over the 28 days, the average intake was approximately 34 mg kg -1 per day (Fig. 3a) . The plants response to addition of soluble Ni is clearly to increase the Ni uptake. Chelidonic acid, measured in conjunction with the Ni was also quantified (RP-HPLC). Results over a period of 28 days show a sharp RESEARCH ARTICLE C. Naicker, A. Kindness and L. Pillay, 204 S. Afr. J. Chem., 2016, 69, 201-207, <http://journals.sabinet.co.za/sajchem/>. increase which resembles an exponential trend in chelidonic acid concentration when treated with Ni (n =3, %RSD = 0.093) compared to a gradual increase in the control (n = 3, %RSD = 0.015) where Ni also gradually increased (Fig. 3b) . Molar ratios indicate whether a ligand is able to complex to a metal by deducing if there are sufficient reactants to allow complexation to occur. A ratio equal to or higher than the ratio required for a ligand and metal to complex indicates that complexation is able to occur. Ligands responsible for complexation in B. coddii are produced in excess. 31 Molar ratios calculated between chelidonic acid and Ni show significant changes to the ratio over the 28-day period when the plant was exposed to soluble Ni (Table 4) .
Typically, a chelidonic acid Ni-complex forms in a 2:1 molar ratio. 40 In this study, as the volume of Ni addition increases, the chelidonic acid production increases over 3-fold for the pre-treated plants compared to the control, and on the last day of the experiment the ratio is 6:1 (pre-treated plant). The increase suggests that chelidonic acid plays a role in Ni uptake in B. coddii. There are significant differences in the molar ratios between the control and spiked plants. The control shows a gradual increase over the month of the study while spiking increases the ratio. These data indicate that B. coddii responded to an increase in RESEARCH ARTICLE C. Naicker, A. Kindness and L. Pillay, 205 S. Afr. J. Chem., 2016, 69, 201-207, <http://journals.sabinet.co.za/sajchem/>. soluble Ni by producing excess concentrations of chelidonic acid. Amino acid concentrations on day 0 and day 28 of the treatment were analyzed to ascertain the effects of soluble Ni (spikes) on the response of amino acids (Table 5 ).
These preliminary results showed that there are no significant changes in amino acid concentrations after 28 days, thus indicating no amino acid response to the additional soluble Ni. These minor changes to amino acid concentrations were similarly reported in a study carried out on another Ni hyperaccumulator Stackhousia tryonii by Bhatia et al. 41 A pre-treatment study over a longer period (6 months) may be able to deduce more comprehensively the type of roles amino acids play in Ni uptake. The lack of amino acid response in comparison to the chelidonic acid response suggests that chelidonic acid plays a major role in Ni uptake in B. coddii.
Conclusion
This study reports the first association of chelidonic acid to Ni hyperaccumulator plants. It effectively shows that previously reported ligands associated with uptake in B.coddii are unlikely. Neither malic acid nor nicotianamine (previously reported as ligands responsible for Ni uptake) are present in sufficient amounts to adequately complex Ni. Amino acid analyses suggest that despite the significant role they play in plant growth, their influence on Ni hyperaccumulation in B. coddii is not significant.
The ligand predominantly responsible for Ni binding was identified as chelidonic acid. This was confirmed by HR-MS and HPLC. Further, chelidonic acid appears to respond to increased Ni concentrations in the plant while no other amino or organic acids tested had significant responses. The chelidonic acid:Ni molar ratios fall within a range that can be expected for Ni complexation. This finding represents a significant impact on the potential use of B. coddii in phytoremediation.
A number of additional experiments (e.g. solubilizing Ni or adding chelidonic acid to soil), may allow for enhanced Ni uptake at contaminated sites. More detailed analysis of amino acid response to the addition of soluble metals should be carried out to establish comprehensively their roles within this plant. Confirmation of chelidonic acid as having a major role that binds to Ni should also be confirmed by EXAFS. Additionally, other plants known to contain significant amounts of chelidonic acid, e.g. Chelidonium majus could be studied to ascertain their Ni accumulation capability. Glu  630  450  Phe  180  160  Tyr  110  110  Leu  180  190  Ala  630  920  Val  1000  1030  Asp  1020  980  Met  290  270  Lys  30  90  ILe  140  110  Thr  570  470  Cys  40  20  Ser  960  970  Gly  170  160 
